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THE PERCOLATION APPROACH TO NUCLEUS BREAK-UP 
Division de Physique ~h&orique*, Institut de Physique Nucleaire 
F-91406 Orsay Cedex, France 
La r u p t u r e  d e s  noyaux dans  l e s  c o l l i s i o n s  v i o l e n t e s  est 6 tud i6e  
comme un ph6nodne  c r i t i q u e .  On montre comment on peut  d6terminer  
p l u s i e u r s  exposan t s  c r i t i q u e s  h p a r t i r  d e s  donnkes exp6r imen ta l e s  
s u r  l a  d i s t r i b u t i o n  de masse d e s  f ragments  e t  on l e s  compare 
avec  l e s  p r 6 d i c t i o n s  du modhle de l a  pe rco la t ion .  
Abs t r ac t  
Nucleus break up i n  v i o l e n t  c o l l i s i o n s  i s  s t u d i e d  a s  a  
c r i t i c a l  phenomenon. We show how t o  determine v a r i o u s  c r i t i c a l  expo- 
n e n t s  from exper imenta l  d a t a  on mass d i s t r i b u t i o n s .  A comparison i s  
made wi th  t h e  p r e d i c t i o n s  o f  p e r c o l a t i o n  theory.  
The problem o f  t h e  s i z e  d i s t r i b u t i o n  o f  n u c l e a r  f ragments  produced i n  
e n e r g e t i c  c o l l i s i o n s  has  r ece ived  cons ide rab le  i n t e r e s t  i n  t h e  l a s t  yea r s  11-61. 
However we can still address  t h e  fo l lowing  b a s i c  ques t ion  : DO t h e  s i z e  d i s t r i b u -  
t i o n  r e f l e c t s  some s p e c i f i c  p r o p e r t i e s  of  nuc lea r  ma t t e r  under extreme c o n d i t i o n s  
o r  j u s t  fo l lows  t h e  same "un ive r sa l "  laws a s  many o t h e r  d i so rde red  sys tems ? 
I n  o t h e r  words, do t h e  nuc lea r  s p e c i f i c i t i e s  (nuc lea r  and Coulomb i n t e r a c t i o n s ,  
c o l l i s i o n  dynamics ... ) p lay  a  c r u c i a l  r o l e  o r  n o t  ? 
I n  t h i s  c o n t r i b u t i o n  we review some o f  t h e  r e s u l t s  ob ta ined  exp lo r ing  
t h e  second hypothes is ,  wi th  s p e c i a l  emphasis on t h e  p e r c o l a t i o n  approach. The 
theory  of  p e r c o l a t i o n  models d e a l s  wi th  c l u s t e r s  o r  randomly occupied s i t e s  i n  a  
l a t t i c e .  P e r c o l a t i o n  models a r e  governed by a  s i n g l e  parameter p  r e p r e s e n t i n g  t h e  
d e n s i t y  o r  f r a c t i o n  o f  s i t e s  t h a t  a r e  occupied o r  l i n k s  t h a t  a r e  a c t i v e .  Above 
some c r i t i c a l  va lue  p  one obse rves  on average on ly  one l a r g e  c l u s t e r  (pe rco la -  
t i o n  o r  i n f i n i t e  c l u s t e r )  occupying most of  t h e  a c t i v e  s i t e s ,  wh i l e  f o r  p <  pc, 
many smal l  c l u s t e r s  a r e  p resen t .  The t r a n s i t i o n  from a  "pe rco la t ing"  t o  a  "non 
p e r c o l a t i n g "  s t a t e  is a  kind o f  phase t r a n s i t i o n  one can c h a r a c t e r i z e  by a  s e t  of  
c r i t i c a l  exponents ,  l i k e  i n  thermal  phase t r a n s i t i o n s .  
The works of Refs.15-6/ a r e  p r a c t i c a l  r e a l i z a t i o n s  o f  t h e  p e r c o l a t i o n  con- 
c e p t  a p p l i e d  t o  nuc lea r  r e a c t i o n s .  The p r i n c i p a l  c h a r a c t e r i s t i c s  of  t h e  v a r i o u s  
models a r e  summarized i n  Table 1, where is i n d i c a t e d  t h e  t y p e  of  p e r c o l a t i o n  used 
( s i t e  o r  bond), t h e  l a t t i c e ,  t h e  dimension of  t h e  space  i n  which t h e  l a t t i c e  is  
de f ined ,  t h e  p e r c o l a t i o n  th resho ld  and t h e  coord ina t ion  number (maximum number of  
bonds pe r  s i t e ) .  We s e e  on Table 1 t h a t  t h e  p red ic t ed  p e r c o l a t i o n  t h r e s h o l d  
depends s t r o n g l y  on t h e  d e t a i l s  o f  t h e  model. The same problem occur s  i n  thermal  
phase t r a n s i t i o n s  wi th  t h e  c r i t i c a l  temperature  131 .  What is t h e  r i g h t  space  and 
l a t t i c e ,  t h e  r i g h t  l i n k a g e  cond i t ion  t o  d e s c r i b e  a  nucleus  i n  a  c o l l i s i o n  ? Do we 
need e x t r a  parameters ,  l i k e  a  temperature  ? I t  seems now ve ry  d i f f i c u l t  t o  
answer a t  t h e s e  b a s i c  ques t ions .  Fo r tuna te ly  we can approach t h e  problem i n  a  
. 
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much simpler way. If nuclear multifragmentation has something to do with a criti- 
cal phenomenon, then we can look at critical exponents. 
Table 1 - Principal characteristics of nuclear percolation models 
Table 2 - Critical 
defined by ecp ( 1-5) 
z 
2 
6 
4.6 
4-6 
ModelIRef 
CDL84 /5/ 
BDMP85 161 
CD85 /7/ 
BKR86 /E/ 
Despite large differences in the predicted value of pc: the various 
nuclear percolation models (in 3-dimensions) predict rather slmilar cluster 
size distributions. This is because these models belong to the same class of 
universality and so have approximately thesame critical exponents. We restrict 
in what follows to quantities associated with cluster size distributions 
that can be defined in percolation as well as in thermal phase critical models 
of the liquid-gas type, just replacing (p-p ) by (T -T). We examine the following: 
a) near the critical point p=p the mulFiplicit$ of light clusters of size 
A behaves like /10/, C 
U 
n(A,p) - A- ' f ((p-pc)A (1) 
where T and U are two critical exponents and f(0)=1. In 3-dimension perco- 
lation, T = 2.2 (see Table 2). For the thermal liquid-gas model at T = T 
n(A,T) - A-' , with T = 713, a very close value 13 1. At p < p and p > the C C 
asymptotic decay of cluster numbers is glven by 
tion and thermal li 
phase transitions. 
131 and 1101 
pc 
1 .O 
0.31 
0.65 
0.59- 0.31 
Lattice 
Line 
Cubic 
Continuous 
phase space 
square/ 
cubic 
Type 
Bond 
Bond 
Site 
Site/Bond 
T 
U 
Y 
B 
"effective" exponent obtained fitting inclusive 
exponents data is Te >, T. The equality holds only at in percola- 
p=p (T=T f. In order to study the p or T depen- quid-gas denEe of ? we need data from exclusive experi- From ments, event by event. Still another problem ari- 
ses : How to correlate the events with p or T ? 
One possibility is to assume that the number of Z=l particles released in 
a reaction is an increasing function ofT or 1-p/12/. Figure 1 shows an attempt 
to analyze data on energetic Au+(BrAg) reactions from Ref.1131. We get the expec- 
ted evolution of T ~ ~ ~ .  According to this analysis, the critical point should 
arrive for events with about 10 to 15 Z=1 particles. Remark that T 2 is 
incompatible with phase transition theories. 
b) The moments of the light cluster size distributions 
d 
1 
3 
3+3 
2-3 
define two new exponents for k=2 and k=3. The sums run over all "finite" size 
clusters (the largest one excluded). The exponent for k=2 is usually called y 
(see table 2). Assuming the scaling relation (l), then /10/ 
n(A,p) - ~ X ~ ( - A ~ )  (2) 
with different values above and below the thres- 
hold, but identical for percolation and liquid- 
gas. We see that withthese two exponents it is 
impossible to distinguish between the two theo- 
ries. However, the experimental value  of^ has 
been studied in great detail on the basis of in- 
clusive data /Ill. This data is even more diffi- 
cult to interpret because it reflects the superpo- 
sition of events with a wide range of values of 
p, only a few corresponding to p=p (or to T=T ). 
In view of Eqs.(2) and (3) we can Eay that theC 
Perc. 
2.2 
0.45 
1 
213 
1.8 
0.4 
L-G 
713 
213 
1 
213 
1 
0.5 
If this relation is still valid in our finite system, then S /S behaves like 
( T -4)/( T -3) near the critical point, or also like I+l/ o .y3. Of course in 
nuclei (3) will never diverge, just take much larger values near p=pc. We 
can check this point plotting R n(S ) versus R n(S2). This procedure has 
also the advantage to eliminate the unl?nown dependence on p-p . The slope of the 
line gives the ratio of the critical exponents. The resultC for the data of 
Ref.1131 is plotted in Fig.2. Each point represents one event. Aleast square 
fit gives U . y  =: 0.82 which is surprisingly close to the prediction of perco- 
lation (u.y= 0.81 for percolation and 0.66 for liquid-gas). Alternatively also 
we deduce from (4) T - 2.16. 
c) Finally, we consider the "critical" behaviour of the size of the largest 
cluster produced by event 
P(p) - (p-p,) B  (5) 
Again we eliminate the unknown p-pc dependence comparing Rn(P) versus Rn(S2), 
getting - f3/ y . This ratio seems very interesting because y / B -  4.5 in perco- 
lation but only - 2.0 in liquid-gas. Preliminary analysis of the data of Ref./l3/ 
seems to favour a large value for y / B  
2.0 
2 
1.5 
0 10 20 3 0 
NUMBER OF Z=l PARTICLES 0 1 2 3 
Fi_g.l - Effective slope parameter n- Z - Teff Fiq.2 - Determination of l/o .y 
resulting from the fit of 2 < Z < 14 projec- from eqs.(3) and (4). Each point 
tile fragments of the reaction Au+(BrAg) represents one event of the reac- 
plotted against the number of Z=1 particles. tion Au + (BrAg). 
We believe that with better statistics the exponents T , U ,  B and y can 
be determined very accurately. However, there is still another open problem. 
For an infinite system, the critical exponents depend only on the dimensionality 
of the order parameter and the dimensionality of the physical space. What 
is the size and lattice dependence in a finite system ? This question is still 
very controversial. Some numerical tests on percolation seem to indicate that 
this dependence is rather weak 1141. If this is confirmed, then we could give 
a definite answer to the basic question raised at the beginning. 
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